A recent paper by Schmitz and colleagues (1) provides convincing evidence that the ion channel transient receptor potential melastatin 7 (TRPM7) regulates total elemental magnesium (Mg) homeostasis in eukaryotic cells. This information comes as a real breakthrough, because the regulation of Mg homeostasis in eukaryotic cells has been a black box filled with speculation but no solid evidence. Specific ionized magnesium (Mg 2+ ) transporters have been cloned in prokaryotic cells [(CoreA and MgtA or MgtB in bacteria;], but attempts to identify homologs of these proteins in eukaryotic cells are still at an early stage. TRPM7 is a member of the melastatin (M) subfamily of the transient receptor potential (TRP) channel family. TRPM channels promote the influx of divalent cations and the efflux of intracellular monovalent cations such as Na + and K + (6, 7). They are characterized by six transmembrane domains with an adjacent coiled coil region, and a long, highly conserved cytoplasmic N-terminal region. Distal to the coiled coil region is the C terminus, which has enzymatic activity. The C terminus of TRPM2 acts as an adenosine diphosphate (ADP)-ribose pyrophosphatase (8), whereas the C termini of TRPM6 and TRPM7 act as protein kinases (9) (Fig. 1) . The ability of TRPM family members to act as enzymes explains why they are sometimes called "chanzymes" and gives these ion channels a unique ability to participate in cell signaling pathways (10).
A recent paper by Schmitz and colleagues (1) provides convincing evidence that the ion channel transient receptor potential melastatin 7 (TRPM7) regulates total elemental magnesium (Mg) homeostasis in eukaryotic cells. This information comes as a real breakthrough, because the regulation of Mg homeostasis in eukaryotic cells has been a black box filled with speculation but no solid evidence. Specific ionized magnesium (Mg 2+ ) transporters have been cloned in prokaryotic cells [(CoreA and MgtA or MgtB in bacteria; Mrs2p and Alr1 in yeast (2) (3) (4) (5) ], but attempts to identify homologs of these proteins in eukaryotic cells are still at an early stage. TRPM7 is a member of the melastatin (M) subfamily of the transient receptor potential (TRP) channel family. TRPM channels promote the influx of divalent cations and the efflux of intracellular monovalent cations such as Na + and K + (6, 7) . They are characterized by six transmembrane domains with an adjacent coiled coil region, and a long, highly conserved cytoplasmic N-terminal region. Distal to the coiled coil region is the C terminus, which has enzymatic activity. The C terminus of TRPM2 acts as an adenosine diphosphate (ADP)-ribose pyrophosphatase (8) , whereas the C termini of TRPM6 and TRPM7 act as protein kinases (9) (Fig. 1) . The ability of TRPM family members to act as enzymes explains why they are sometimes called "chanzymes" and gives these ion channels a unique ability to participate in cell signaling pathways (10) .
A close link between TRPM channels and Mg 2+ had been shown in several papers preceding that by Schmitz et al. (1) . Indeed, TRPM6 and TRPM7 were initially called "MagNuM" (that is, magnesium-nucleotide-regulated metal ion) channels, because cation influx through these two TRPM channels is controlled by magnesium-ATP (Mg-ATP) complexes or, more precisely, by the ratio between Mg 2+ and Mg-ATP (11) . TRPM6 seems to participate in organismal absorption of Mg 2+ , a function consistent with its preferential expression in small intestine, colon, and kidney, and with the fact that mutations in TRPM6 are found in the rare disease hypomagnesemia with secondary hypocalcemia (HSH) (12, 13) . TRPM7, the focus of Schmitz's work, is found in cells and tissues such as granulocytes and cells from thymus, lymph nodes, and bone marrow, where it permits the uptake of both nutritionally essential trace metals and toxic metal ions; its affinities for metal ions are: (14) . Under physiologic conditions, however, TRPM7 facilitates the transport mainly of Mg 2+ , whose concentration in extracellular fluids is several orders of magnitude higher than that of the other permeant metals (14) . This provides one more example of the powerful relationship between TRPM channels and Mg 2+ , compared to their less prominent interactions with other metal ions.
The work of Schmitz and associates introduces a number of exciting twists to this scenario. In fact, the authors not only extend our current knowledge of Mg 2+ transport by TRPM7, but they provide compelling evidence for reciprocal interactions between this channel and cell Mg 2+ concentration. The implications are intriguing for the influence of channel function (and The discovery that TRPM7 regulates cell Mg homeostasis by modulating Mg 2+ influx came as a surprise and turned our current understanding of the field upside down. Data provided by independent research groups over the last 20 years had seemed to support the concept that Mg homeostasis was regulated by transport mechanisms mediating Mg 2+ efflux rather than influx.
Why was regulation of Mg 2+ efflux thought to be crucial? Before this question is answered, the reader is asked to fasten his or her seat belt for a whirlwind tour of our view of Mg homeostasis before the Schmitz paper rang in a new era. Magnesium is the second most abundant intracellular cation (with an average concentration of 10 mM) and plays a key role in such important reactions as ATP hydrolysis, transphosphorylation, and DNA and protein synthesis. Cellular Mg is mostly bound, with adenine nucleotides the strongest binding species (15) . Other biomolecules, such as creatine and polyamines, are also very good Mg chelators. Only a small fraction of cellular Mg (2 to 5%) is found in its ionized form, and the concentration of this minor pool is similar to that of free Mg 2+ in extracellular fluids (0.4 to 0.5 mM). Mg 2+ transport thus does not depend on a simple chemical gradient but on an electrochemical gradient generated by intracellular negative charges, which drives Mg 2+ into the cell (16) . The persistent influx of Mg 2+ in response to the membrane potential would eventually generate an intracellular level of Mg two or three times higher than that detected under physiologic conditions if specific transport mechanisms did not extrude excess Mg (17) . Among these transport mechanisms, particular attention has been paid to a widely distributed and functionally well-characterized antiporter that extrudes Mg 2+ in exchange for extracellular Na + [reviewed in (18) (23) . In any case, fluctuations of total cell Mg may have implications in several conditions. A twofold increase of total cell Mg is associated with cell proliferation in vitro (24, 25) . Conversely, a decrease of Mg (as determined in plasma or tissue extracts) has been documented in animal models or clinical settings of cardiovascular diseases or metabolic disorders, and whole-organism Mg supplementation has proven of some efficacy in ameliorating such diseases [reviewed in (26, 27) ] (28). The Na + /Mg 2+ antiporter is modulated by receptor-mediated stimuli in many different tissues (21) and extrudes more Mg 2+ in response to phosphorylation by protein kinase C or protein kinase A (PKA) (depending on the tissues examined). These observations f it well in a framework in which Mg homeostasis is governed by regulation of efflux and changes under pathologic conditions when the affinity of the antiporter for Mg 2+ is altered by various stimuli and signal transduction messages. Unfortunately, we are not in a position to conclude that the Na + /Mg 2+ antiporter is indeed the main actor in this play. We do not know its genetics, nor do we have inhibitors of sufficient specificity to disentangle its activity from that of other potential transporters. These considerations also offer an opportunity to say that a possible role for channels or carriers that mediate Mg 2+ influx rather than efflux was anything but neglected in the past. However, studies of Mg 2+ influx were difficult simply because of the lack of techniques for detecting small, discrete fluxes of Mg 2+ against a high background of [Mg] i . It is hoped that such technical constraints will be bypassed by the recent introduction of stable Mg isotopes (29) or by more sensitive and specific Mg probes.
In contrast to the descriptive information available about the Na + /Mg 2+ antiporter, the work of Schmitz and associates on TRPM7 provides new clues for reappraising the mechanisms of Mg homeostasis and paves the way for incorporating previously conflicting or unexplained results into a more readable context. Indeed, TRPM7 seems to exhibit those functional and regulatory features that one would expect to see in the long-sought but never conclusively identified regulator of Mg homeostasis in eukaryotic cells. Thus, TRPM7 (i) consists of a genetically, structurally, and functionally well-defined ion channel that mediates sizeable ion fluxes; (ii) facilitates the entry of Mg 2+ and the egress of monovalent cations, especially Na + and K + , a characteristic resembling earlier suggested mechanisms of Mg 2+ flux; (iii) is modulated by phosphorylation and dephosphorylation, as also proposed for the Na + /Mg 2+ antiporter; and (iv) is coupled with intracellular signal transduction pathways that await further characterization, but clearly strengthen the notion of a possible link between Mg homeostasis and the control of cell functions such as proliferation or differentiation [reviewed in (30) ]. Nevertheless, the most surprising characteristic of TRPM7 concerns its ability to drive Mg 2+ into the cell. This raises questions of whether the Na + /Mg 2+ antiporter (and any other carrier ejecting Mg 2+ ) counteracts Mg 2+ influx mediated by TRPM7. Several additional points remain to be addressed (hopefully in the near future). First, the role of kinase activity in the regulation of TRPM7 and downstream signal transduction events must be further elucidated. Second, whether down-regulation of TRPM7 activity indeed requires millimolar [ Touyz (25) , respectively], or both. It is in keeping with these concepts that a recent paper by Schmitz's group shows a modulation of TRPM7 through PKAdependent phosphorylation controlled by G s and G i (the family of heterotrimeric GTP-binding protein α subunits that respectively stimulate or inhibit adenylyl cyclases), as well as a stringent requirement for the channel's endogenous kinase domain in adenosine 3′,5′-monophosphate (cAMP)-dependent regulation of TRPM7 (32) . These new data shed more light on TRPM7 physiology and demonstrate important analogies between the regulation of Mg 2+ influx through this channel and the regulation of Mg 2+ efflux through the Na + /Mg 2+ antiporter, which also proved to be PKA-dependent in studies conducted by us (19, 33) and others (21) . It therefore seems that Mg homeostasis could be regulated through either Mg 2+ influx or Mg 2+ efflux, yet the two mechanisms may share regulatory mechanisms.
P E R S P E C T I V E
Finally, the role of TRPM7 as a physiologically relevant modulator of Mg homeostasis must be probed by assessing its expression levels under pathologic conditions characterized by Mg dysregulation. This information would be of particular interest in the setting of neoplastic growth, because oncoproteins similar to TRPM channels that are closely associated with tumor progression have been identified in melanoma and colon cancer (34) (35) (36) . In addition, evidence suggests that TRPM7 channels operate as homomers, which suggests that heteromers of TRPM6 and TRPM7 might form in cells expressing both channel types. Whether and how TRPM heteromers participate in Mg 2+ transport and modulate its homeostasis under normal or diseased conditions are questions worthy of experimental attention (37) (38) (39) .
In conclusion, the identification of the TRPM ion channel family and the recent breakthrough suggesting that TRPM7 might be the biological regulator of Mg homeostasis in mammalian cells provide important avenues toward an improved understanding of the role of Mg in physiology and pathology. The work of Schmitz and colleagues offers an instructive example of how combining molecular genetics with biochemical and physiologic approaches can quickly fill the gap between speculation and proof of evidence that has greatly limited research activity in the field of Mg homeostasis. Hopefully, this opportunity will attract the curiosity of those researchers who looked at Mg as an abundant but biologically unimportant metal, a sort of underdog among giants such as calcium or iron. You may now unbuckle your seat belt and have fun with Mg.
